Nanofibre-based structures and their composites are increasingly being studied for many biomedical applications, including tissue engineering scaffolds. These materials enable architectures resembling the extracellular matrix to be obtained. The search for optimized supports and carriers of cells is still a major challenge for the tissue engineering field. The main purpose of this work is to develop a novel composite structure that combines microparticles and nanofibres in reinforced polymeric microfibres. This innovative combination of materials is obtained by melting extrusion of a particulate composite reinforced with chitosan nanofibre meshes (0.05 wt.%) produced by the electrospinning technique. The reinforced microfibres were analysed by scanning electron microscopy and showed a considerable alignment of the chitosan nanofibres along the longitudinal main axis of the microfibre composite structure. The tensile mechanical properties revealed that the introduction of the nanofibre reinforcement in the particulate microfibre composite increased the tensile modulus by up to 70%. The various structures were subjected to swelling and degradation tests immersed in an isotonic saline solution at 37°C. The presence of chitosan nanofibres in the particulate microfibres enhances the water uptake by up to 24%. The combination of good mechanical properties and enhanced degradability of the developed structures is believed to have great potential for various biomedical applications, including three-dimensional fibre mesh scaffolds to be applied in the field of bone tissue engineering.
Introduction
The extracellular matrix (ECM) of connective tissues is a biological example of a fibrous structure based in collagen fibrils reinforced by other fibrous structures such as glycosaminoglycans and polysaccharides. Collagen fibre, being the primary structural element of the ECM of many tissues, provides a target for the design of new fibrous structures intended for tissue engineering scaffolding. Type I collagen molecules assemble into triple helix collagen fibrils which are long filamentous structures organized to form collagen fibrils and hierarchically aligned in overlapped bundles (each fibril may have more than 700 individual collagen protein strands) [1] . The precise spatial organization of collagen structures in vivo determines the properties of the tissues, such as the tensile strength. In the case of bone, entire collagen triple helices lie in a parallel staggered array to ensure continuity to its structure. Bone is an outstanding structural tissue and a true nanocomposite reinforced by the HAp crystals. It is a complex and highly specialized connective tissue that constitutes the skeleton of the vertebrates [2] . Structurally, bone is organized and assembled in various levels of hierarchical units elegantly designed at several length scales, nano to macro, to ensure its multiple functions. The structure of bone inspired the authors to develop the ternary composites proposed in the present paper.
Generally, the collagen fibrils in bone are 50-500 nm in diameter and can be hundreds of micrometres long. In native tissues, these fibrils are further assembled into larger collagen bundles that may be several micrometres in diameter and millimetres to centimetres in length [3] . The anisotropic fibril architecture of natural ECM has important implications on the cell behaviour [4] . These collagen assemblies are characterized by high stiffness and tensile strength, which imparts resistance to compression, tensile and shear loads to the tissues [5] . It is therefore advantageous to engineer tissues consisting of organized fibres to exploit these physiological and mechanical cues [6] .
One of the most important requirements for a nanofibre-reinforced composite is that the external stresses applied are efficiently transferred to the nanofibres, allowing them to take a disproportionate share of the load. If the interface properties are adequate and the fibre distribution is homogeneous, the shear stresses developing at the interface of each nanofibre will support the stress applied to the composite [7] . An efficient composite requires that the nanofibres be uniformly dispersed as isolated nanofibres and individually coated with the polymer that constitutes the continuous matrix of the composite [8] . Good dispersion also allows for a more uniform stress distribution and minimizes the appearance of stress-concentration points. A random orientation of fibrous composites results in lower efficiency of reinforcement than does perfect alignment, but perfect alignment generates anisotropy in the mechanical properties. The alignment is necessary when maximization of the strength and modulus are needed in particular directions [9] .
Electrospinning has been explored as an efficient process for obtaining nanofibres with diameters in the submicrometre range [10] . The interesting properties of electrospun fibres include increased surface-area-to-volume ratio as a consequence of the diameter, and the high interconnectivity and porosity of the nanofibre meshes at the micrometre length scale [11] . Another inherent feature of the electrospun nanofibres is their ability to mimic the ECM of a variety of tissues, which can create a more favourable microenvironment for the cells [12] . Thus, their use in tissue/organ repair and regeneration as biocompatible and biodegradable medical implant devices has been suggested by many authors [13] [14] [15] . The nanoscale size of the biodegradable fibres may also offer advantages in inducing a specific kinetics of degradation. Different nanofibrous structures have already been produced by this technology using a number of both natural and synthetic polymers, such as collagen [16] , chitosan [17] , silk fibroin [12] and polycaprolactone [18] or polylactides [19] . An important disadvantage of collagen, gelatine, keratin and elastin is their animal origin, remaining a concern in relation to immunogenicity and disease transmission [20] . The present work uses biomaterials from a marine source as an alternative. Chitin is a biopolymer found in nature and is derived mainly from the exoskeletons of crustaceans, insects and molluscs, and the cell wall of micro-organisms. Chitin is a glucose-based polysaccharide. Chitosan is an alkaline deacetylated derivative of chitin. This material is a polysaccharide and shares some structural similarities with glycosaminoglycans. Chitosan is non-cytoxic, biodegradable and reported as potentially biocompatible [21] .
Composite materials using synthetic and natural-based materials are increasingly proposed for biomedical applications [22] [23] [24] . The chronic inflammatory responses and cytoxicity of some synthetic polymers are reduced or eliminated by the composition with natural polymers. Natural polymers such as chitosan [25] , collagen [6] , soy [20] , alginate [26] , silk [12] or starch [27] have already been proposed in many biomedical applications. The biological environment is prepared to recognize these biopolymers and to interact with them metabolically. Another attractive feature of natural polymers is their ability to be cleaved by naturally occurring enzymes, facilitating degradation by physiological mechanisms [28] .
Synthetic biodegradable polymers are already used extensively in the biomaterials field including biodegradable aliphatic polyesters, such as poly(lactic acid), poly(glycolic acid) or poly(caprolactone) and its copolymers. Most synthetic polymers are degraded via hydrolysis. The polyester bonds of synthetic polymers are hydrolysed in nontoxic natural metabolites and are eliminated from the body by the normal physiological processes [29] . Therefore, composite materials using synthetic and natural-based polymer materials are increasingly being developed and designed to improve not only the physical and chemical properties but also to improve biological performance [22, 24] . The basis of the composite material in the present work is a microparticulate composite of chitosan microparticles dispersed in poly(butylene succinate) (PBS). This biodegradable material has already been shown to have excellent biological performance both in vitro and in vivo for bone and for cartilage tissue engineering applications [30] [31] [32] [33] and tested in various three-dimensional (3D) morphologies. The nanofibres used to reinforce this composite are intended to improve some properties but to preserve the good biological performance already shown.
The aliphatic polyester PBS presents a hydrophobic character. However, the chitosan structure is rich in polar groups (-OH and -NH 2 ). Therefore, its presence in the composite resulted in a significant increase in the hydrophilicity [32] . The microparticulate composites (with particles of chitosan) have thus enhanced the hydrophilic properties, thus resulting in a higher variation in mass and tensile modulus, as was confirmed after degradation tests [34] . The kinetics of loss of tensile modulus after degradation can be modulated by the introduction of nanofibres in the particulate composite. The fibrous reinforcement provides additional elastic modulus but also enhances the surface-area-to-volume ratio, facilitating access of water to the chitosan phase and causing an increase in the water uptake capability of the particulate composite.
Several polymer processing methods have been proposed for producing porous scaffolds that can mimic the architecture of the natural ECM, including freeze drying [35] , particle leaching [24] , rapid prototyping [36] , fibre bonding [37] , injection moulding [38] and electrospinning [39] . The composite produced in this work aims to develop 3D porous structures for tissue engineering using a fibre bonding technique.
This work reports the development of a novel particulate composite reinforced with chitosan nanofibre meshes obtained by electrospinning according to Scheme 1. This composite is intended to enhance the mechanical properties and the degradation kinetics of the microfibres, but not to affect negatively the good biological performance of the combination of PBS with chitosan microparticles already demonstrated. Thus, a modest quantity of chitosan nanofibre mesh reinforcement (0.05 wt.%) was used in the microfibres. The morphology, mechanical properties and degradation kinetics were analysed after various periods of immersion in an isotonic saline solution (ISS) of the novel composites intended for tissue engineering scaffolding.
Materials and methods

Materials
Medium molecular weight chitosan was supplied by France Chitin (Orange, France), with a degree of deacetylation of $85%. PBS Bionolle 1050 was supplied by Showa Highpolymer Co. Ltd. (Tokyo, Japan). Trifluoroacetic acid (TFA) was obtained from Sigma, and dichloromethane (MC) was supplied by Aldrich. Ammonia 7N solution in methyl alcohol was purchased from Aldrich, methanol was obtained from Fluka, and both were used as neutralizing agents.
Preparation of chitosan nanofibre meshes
The preparation of a 6 wt.% chitosan solution follows a protocol detailed elsewhere [17] , with minimal modifications. In short, the polymer powder was added to a solution containing both TCS and MC, in a volume ratio of 70:30. Before processing, the solution was left under stirring overnight at room temperature. Electrospinning was used to obtain chitosan nanofibre meshes; the polymer solution was placed into a 5 ml syringe with a capillary attached to it. The circular orifice of the capillary had an internal diameter of 0.8 mm. The syringe was further connected to a syringe pump (KDS100, KD Scientific, USA) to control the flow rate. A positive electrode was put in contact with the metal capillary. Aluminium foil was used as the ground collector. A high voltage power supply was employed to generate the electric field (0-25 kV). The capillary tip-to-collector distance and the flow rate were fixed at 12 cm and 0.8 ml h À1 , respectively. The applied voltage was optimized to obtain a continuous deposition in the range 15-20 kV. All the electrospinning experiments were performed at room temperature. The solvent evaporation of the meshes was allowed at room temperature for at least 2 days. The next step was the neutralization of the electrospun chitosan nanofibre meshes to prevent their dissolution in aqueous medium. The process of neutralization was based on the work of Notin et al. [40] , with several modifications. A weak basic aqueous solution of ammonia 7N in methyl alcohol and methanol was prepared. After immersion in this solution, the meshes were repeatedly washed with distilled water until neutral pH was obtained. The meshes were further dried in the oven at 60°C for 2 h.
Preparation of particulate microfibres by extrusion
Two different types of particulate microfibres were produced in this study (i) a microfibre composed of a particulate composite of chitosan (50 wt.%) and PBS; (ii) a microfibre composed of a particulate composite chitosan/ PBS (99.95 wt.%) reinforced with 0.05 wt.% chitosan nanofibre meshes. The particulate composite was previously extruded and milled into a powder using a Retsch mill. The chitosan nanofibre meshes were further added during a second extrusion procedure, which was also performed for the particulate composite without nanofibres. The final particulate microfibres were processed on a vertical, inhouse developed, micro-extruder [41] . The processing conditions were optimized to obtain stable extrusion processing. Those conditions were kept constant for both compositions to maintain a constant thermal history. The processing parameters were a melt temperature of 145°C, a screw rotation speed of 40 rpm and a die diameter of 0.5 mm.
Morphological analysis
The morphology of particulate microfibre composites (with and without nanofibre mesh reinforcements) was analysed by scanning electron microscopy (SEM) (model S360, Leica Cambridge) after being sputter coated with gold. To analyse the distribution, structure, morphology and alignment of the chitosan nanofibres inside the partic- ulate microfibres, a partial dissolution of the polyester matrix with MC was performed at the microfibre surface.
Mechanical tests
Samples from the two different particulate microfibre compositions were subjected to tensile tests to evaluate the effect of the reinforcement with chitosan nanofibre meshes over the mechanical properties. Samples were also subjected to degradation tests, after which mechanical tests were performed to characterize the evolution of the mechanical properties (tests were performed in the dry state). The particulate microfibres were cut to obtain 10-mm-long fibre specimens $500 lm in diameter. The tensile strength was taken as the maximum stress of the stressstrain curve. The tensile modulus was evaluated using the maximum slope of the stress-strain curve. The tensile tests were performed at room temperature in a Universal Mechanical Test Machine (Instron 4505) using a load cell of 2.5 N and a crosshead speed of 5 mm min À1 . A minimum of five specimens were tested in each sample (the values reported are the average of those results).
Swelling and degradation-related tests
The hydration degree and degradation behaviour of the particulate microfibre compositions were assessed over a period of 30 days. Five specimens of each sample (previously weighed) were immersed in an ISS (0.154 M NaCl aqueous solution, pH 7.4) for 1, 3, 7, 14 and 30 days. After each defined period of time, the specimens were removed from the ISS, and the weight was measured. The water uptake was calculated by the following expression:
where m 0 is the initial weight of the specimen before immersion and m t is the wet mass of the specimen at time t (days) after being removed from the solution, washed with distilled water, and gently blotted with a paper filter and immediately weighed. The amount of degradation was calculated using the following expression:
where m f,t is the final mass after immersion and drying of the specimen at 60°C until equilibrium (constant weight) is reached and m 0 is the initial weight of the specimen before immersion. The surfaces of the samples subjected to degradation tests were analysed by SEM to evaluate the surface erosion and the resulting porous morphology. Fig. 1a presents the morphology of chitosan nanofibre meshes obtained by the electrospinning process (after being subjected to neutralization treatment). The images show that the initial morphology of the nanofibres is preserved after the neutralization process. The nanofibrous mesh obtained consists of fibres with diameters ranging from 65 nm to 6 lm, with interconnected pores in a non-woven structure. Furthermore, the nanofibres present a solid surface, with regular and smooth topography. It was also observed that the fibres do not have beads that are considered a typical problem of electrospun nanofibres [42] . This regular morphology shows the effectiveness of the optimized conditions used in the electrospinning and neutralization processes. Fig. 1b shows the SEM micrographs of the produced particulate microfibres (without nanofibre mesh reinforcements) obtained by extrusion. The particulate microfibres have average diameter of $500 lm. The particulate microfibres seem to be structured in its main axis and oriented due to the extrusion process. The production conditions were optimized to obtain microfibres in a continuous and stable operation. The particulate microfibres are characterized by an irregular surface topography, caused by the presence of the large chitosan particles. The surface of the particulate microfibre is composed almost totally of polyester that is the continuous phase, with the chitosan particles in the inner regions of the fibres. This is caused by the fact that the chitosan particles do not melt [22] . Fig. 1c shows a particulate microfibre reinforced by chitosan nanofibre meshes (0.05 wt.%), where it is possible to observe nanofibres underneath and occasionally next to the surface. The particulate microfibres have an average diameter $500 lm. This novel composite combines microparticulate composite with chitosan nanofibres (Fig. 1a and b) . The nanofibres, although obtained in random meshes, appear with an aligned morphology inside the microfibres (Fig. 2) . This novel alignment is probably caused by the hydrodynamics of the flowing melt in the extrusion process [43] . Apparently, defined areas of the particulate microfibre structure show a considerable alignment of chitosan nanofibre reinforcements. In fact, this effect can be observed both in longitudinal and in cross-section micrographs (Fig. 2a and c, respectively) . Those SEM analyses were performed in samples in which PBS was dissolved with MC to allow the nanofibres to be identified. The distribution of the nanofibres by volume is adequate, and the adhesion between the matrix and the nanofibres is good, as no voids or spaces close to the interface are observed. In Fig. 2c , it is possible to observe the cross-section of the reinforced microfibre. The image shows the alignment of the nanofibres with the main axis of the particulate microfibre and the intimate coverage of the chitosan nanofibres by the polymer matrix (at the bottom of the micrograph, where the MC has not dissolved the PBS) provided by the melting process. Similar observations are possible in a longitudinal section of the particulate microfibre (Fig. 2b) . The alignment of chitosan nanofibres in the matrix suggests that anisotropy of mechanical properties will be present in the particulate microfibres.
Results and discussion
Morphological analysis
Mechanical tests
The tensile modulus, tensile stress and tensile strain are all shown in Fig. 3b . A value of 6.20 MPa was obtained for the tensile stress of the unreinforced particulate microfibres and 10.6% for the tensile strain. Particulate microfibres reinforced with chitosan nanofibre meshes shown a tensile stress and strain of 6.9 MPa and 7.9%, respectively. The differences between the tensile stresses of both composites (maximum stress obtained in the tensile test experiment) are not significant, and this has been shown to be the case for many fibre-reinforced composites. In fact, the tensile stress is a property that is strongly connected with the probability of having critical size defects in the material structure. Reinforcement with the nanofibres is shown not to affect this property negatively, this observation being an interesting result. The tensile strain (the maximum strain before breaking of the specimen) is also sensitive to the frequency of defects and its size, but also to the properties of the constituents of the composite. In fact, the two main modes of failure of materials are by reaching the strain limit of the material or by stress concentration at defects. Thus, a decrease in the tensile strain is showing that the material is more brittle, which may be a sign of larger defect sizes developing earlier, or that the material has a lower strain limit associated with the stiffening of the material. The first hypothesis is not confirmed by the results of tensile stress; thus, the more probable cause is that the stiffening of the nanofibre reinforced a lower strain limit in the particulate microfibre composite. This result is also an indication of strong reinforcement of the particulate microfibres by the presence of the nanofibres, as it is typical for a decrease in tensile strain to be associated with effective fibre reinforcements [44] .
The particulate microfibres without reinforcement have a tensile modulus of 175.6 MPa. The composition and reinforcement with chitosan nanofibre meshes (0.05 wt.%) caused the tensile modulus to increase by 70% (295.7 MPa). The reinforcement in the main axis of orientation of the nanofibres inside the particulate microfibres probably causes anisotropy, as the properties in directions transversal to the alignment are probably similar to the properties of the matrix. Generally, the level of anisotropy of the mechanical properties is directly proportional to the efficiency of reinforcement in fibre-reinforced composites. A high level of alignment is necessary to maximize the elastic modulus of the composite, but it is not always favourable. The level of anisotropy in mechanical properties may need to be avoided in 2D or 3D geometries. In fibres, however, the alignment has minimal downside, and it is a good way to maximize the efficiency of reinforcement [8] . In addition, the use of continuous fibre composites is traditionally more effective in achieving improvement in properties. Tensile, flexural and impact properties are significantly enhanced by those reinforcements more than by similar compositions with short fibres [45] .
Nanofibre reinforcements with 1 wt.% carbon nanotubes (CNT) in polypropylene were shown to result in a 60% increase in the elastic modulus [46] . Other studies with composites of polypropylene reinforced by 5 wt.% single wall CNT resulted in a 350% larger elastic modulus [47] when compared with the properties of the matrix. Those studies inspired the work presented in the present paper.
In this study, a novel micro-nano composite was developed by producing microfibres of a natural-synthetic polymeric particulate composite reinforced with nanofibres from a natural polysaccharide. The elastic modulus of the particulate composite was significantly enhanced, even with a low content of nanofibre reinforcement. Fig. 3a shows a representative stress-strain curve of the particulate microfibre composite specimens. The evolution of stress with strain follows a similar trend of variation in qualitative terms, the only noticeable difference being in the strain capacity after the tensile stress peak is reached. The particulate composite failed rapidly after the maximum stress, while the reinforced particulate microfibres showed some strain capacity after reaching the maximum stress. The tensile stress in the nanofibre-reinforced particulate composite is more efficiently transferred to the nanofibres, enabling some additional plastic strain to be obtained.
A non-uniform dispersion may lead to local agglomeration of nanofibres within the matrix. Thus, the bulk material has two types of interface, namely the nanofibrematrix and the particle-matrix interfaces. The interfacial shear strength between the nanofibres and matrix may be excellent, but the interfacial shear strength in particulate composites is frequently not ideal, owing to not only geometrical considerations but also to the difficulty in dispersing the particles well. The fact that the nanofibres are longer and well oriented means that more surface area is provided to develop a good interface with the matrix. As a result, not only the stiffness, but also the tensile strength of the particulate microfibres reinforced with chitosan nanofibres increased (Fig. 3a) when compared with the unreinforced particulate composite. The tensile strength of a particulate composite is dependent mainly on the tensile strength of the matrix and on the number and size of local defects. The properties of the interface are also very important for ensuring the load transfer process and thus increasing the reinforcing efficiency [22] .
It can be said that the elastic modulus of the microfibres, a particulate composite, is significantly improved when it is reinforced by chitosan nanofibres (0.05 wt.%). The tensile strength is marginally improved, and the tensile strain is reduced considerably, as is typical for fibre-reinforced composites.
Swelling and degradation tests
Water uptake is an important aspect of the characterization of biodegradable polymers intended for biomedical applications. It is also useful to evaluate the degree of swelling and obtain information about the hydrophilic/ hydrophobic character of the materials in immersion conditions. Indeed, the rate of water uptake depends on various physical and chemical properties such as hydrophilicity, crystallinity and surface area [34] . Fig. 4a shows very large water absorption in chitosan nanofibre meshes, with maximum water uptake after 7 days of immersion (up to 300%). Both the surface-area-to-volume ratio and the chitosan hydrophilicity contribute to increasing the water uptake capability of the composite. The neutralization process was efficiently performed, as nanofibres do not dissolve on immersion in ISS. The structure of the fibres was preserved, and the swelling was significantly enhanced. Even after 30 days of immersion in ISS, the nanofibre morphology remained stable and swollen, as is clearly shown in Fig. 5f -h.
The equilibrium water uptake in particulate microfibres both with and without chitosan nanofibres was already reached at the end of the first day. The differences in water uptake caused by the chitosan nanofibre reinforcements are significant. The particulate composite microfibres reached a maximum of 16% of water uptake on the third day (Fig. 4a) . The introduction of chitosan nanofibres increased the water uptake to 24%, reaching a maximum on day 15. Despite the low amount of chitosan nanofibre meshes (0.05 wt.%), a significant increment of water absorption was observed in the particulate composite. These results are related to the high surface area of the nanofibres, facilitating the intake of water and the properties of chitosan, a very hydrophilic natural polymer. In addition, the chitosan nanofibres are present underneath the surface of the particulate microfibres, enhancing the opportunities for water diffusion into the chitosan phase of the composite (Fig. 1c) .
The initial diameter of the particulate microfibres without and with nanofibres was 500 lm and after being subjected to water uptake tests, the diameter of the particulate microfibres increased (ability to swell). After 30 days of immersion, the particulate microfibres without reinforcement showed diameters of 556 ± 3.2 lm, and the particulate microfibres reinforced by chitosan nanofibres showed diameters of 571 ± 4.1 lm, thus confirming the swelling of the composite.
The degradation rate of the material depends on its crystallinity, molecular weight and susceptibility to hydrolysis. The limit value for the water uptake should be regarded as a result of two complementary phenomena: the intrinsic water uptake capability of the material; and the degradation history. Those phenomena are somewhat interrelated, as higher water absorption usually accelerates the degradation process, particularly in materials sensitive to hydrolysis [48] . This is the main reason why the water uptake should be complemented and analysed together with the weight loss data [34] . In this study, the degradation of particulate microfibres was analysed by the changes in their physicochemical properties (weight loss and tensile properties). Fig. 4b shows the weight loss results of the studied structures: particulate microfibres with or without chitosan nanofibre meshes. Data are also provided on the behaviour of chitosan nanofibre meshes. Chitosan nanofibres showed a maximum weight loss of 33% after 30 days of immersion in ISS. The small fibre diameter (leading to higher surface area and hydrophilic nature) results in faster degradation of the chitosan nanofibres [18] . Fig. 5e -h illustrates the surface morphological changes in chitosan nanofibres during the periods of immersion. After 1 day of immersion, the chitosan nanofibres were considerably swollen, and an increase in the surface roughness was observed. Additionally, most fibres were partially adhered, causing a more compact mesh structure after 30 days of immersion (Fig. 5h) .
The weight loss of the particulate microfibres without nanofibre reinforcement reached a maximum value of 1% after being subjected to 30 days of immersion tests. Although the particulate microfibres show low values of weight loss, some erosion and development of surface porosity is observed (Fig. 5b-d) . The presence of the chitosan particles is causing local swelling and opening the outer skin layer of the polymer matrix. In the case for particulate microfibres reinforced by chitosan nanofibres, the weight loss reached a maximum of 7.4% after the third day of immersion. This increment of weight loss is a direct consequence of the introduction of chitosan nanofibres into the particulate microfibre structure. Similarly to the behaviour of water uptake, the weight loss increases in particulate microfibres reinforced with nanofibre meshes. Fig. 5i-l shows the surface topography of the particulate microfibres reinforced by chitosan nanofibres before and after immersion in ISS. The surface shows local porosity probably caused by the partial erosion of the inner chitosan particles and nanofibres. The presence of chitosan nanofibres causes more hydrophilic behaviour of the particulate microfibres, and enhances the mechanisms of erosion and degradation of the chitosan phase, consequently also facilitating the hydrolysis of the PBS matrix, resulting in faster degradation of the composite.
The mechanical properties of the particulate microfibres after the degradation tests decrease, as expected (Fig. 6) . A slight decrease in the modulus at longer immersion periods can be explained by the erosion of the chitosan phase. The elongation values did not increase in the case of microfibres without nanofibre reinforcement (Fig. 6b) . However, the ultimate tensile strain values decreased owing to the erosion and degradation of chitosan particles and by an enhancement of the critical size defects in the structure of the unreinforced particulate microfibres. For the particulate microfibres reinforced with chitosan nanofibres, the modulus also decreases with time of immersion, but consistently presents a higher modulus when compared with the particulate microfibres for similar periods of immersion.
The tensile modulus of particulate microfibres reinforced by chitosan nanofibres after 30 days of degradation tests (Fig. 6c) was higher than the unreinforced particulate microfibres before being subjected to immersion teststheir initial tensile modulus properties (Fig. 3b) .
The variation in the tensile strength values is not as significant as the variation in the tensile modulus, and particulate microfibres with and without nanofibres present similar values after being subjected to 30 days of degradation tests (Fig. 6c) .
In Fig. 6a , the particulate microfibres composite reinforced with chitosan nanofibres did not present significant changes in the ultimate tensile strain values. Here, the degradation kinetics increased and the mechanical properties, after being subjected to immersion tests, were maintained at higher values when compared with unreinforced particulate microfibres.
Conclusions
This work focused on the development of new particulate microfibre composites. The particulate microfibres have a synthetic polymeric matrix, were reinforced by chitosan particles and were studied with and without chitosan nanofibre mesh reinforcements. The nanofibres although being initially obtained in randomly aligned Fig. 6 . Representative tensile stress-strain curves of particulate microfibres after been subjected to swelling and degradation tests: (a) reinforced by chitosan nanofibre meshes; (b) without nanofibre reinforcements; (c) on the side of the graphs are summarized the tensile strength and modulus obtained from the stress-strain curves.
meshes, appeared with a well-aligned morphology inside the particulate microfibres. The longitudinal and cross-sections of the nanofibre-reinforced particulate microfibres showed considerable alignment of the chitosan nanofibres along the longitudinal axis of the microfibres caused by the melt flow during extrusion.
Mechanical tests showed that the nanofibre reinforcement in the particulate microfibre composite significantly increased (70%) the tensile modulus. This tensile modulus enhancement was obtained with only 0.05 wt.% of chitosan nanofibre meshes.
The chitosan nanofibre reinforcement in the particulate microfibres increased the water uptake by up to 24%. The weight loss also increased, indicating that the kinetics of biodegradation was significantly accelerated by the presence of the nanofibre reinforcement.
The tensile modulus of particulate microfibres reinforced by chitosan nanofibres after 30 days of degradation tests, despite having a weight loss of 7%, was still larger than the unreinforced particulate microfibres before being subjected to the degradation experiments.
The new particulate microfibre composite has enhanced mechanical and degradation properties and represents a new strategy for designing materials with properties tailored for many biomedical applications.
